The aggregation behaviour of the cationic pinacyanol chloride in aqueous solution is investigated by absorption and linear dichroism spectroscopies, optical microscopy and cryogenic transmission electron microscopy (cryo-TEM). The investigations are focused on solutions in a concentration range from 50 µM up to 1 mM. At a concentration of 0.7 mM Haggregates are detected that are characterized by a broad absorption band centred at ~ 511 nm.
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Introduction
Self-aggregation in polar environment is a common phenomenon of dye molecules possessing extended planar π-electron systems. Directly related to such aggregation process is a dramatic change of the optical properties due to dipole-dipole coupling between the transition dipole moments of neighbouring molecules. The interactions lead to new electronic excitations, Frenkel excitons, that are delocalized over a range of molecules rather than localized on an individual molecule. 1 In dependence on the spatial orientation of dipoles relative to the aggregate axis, two types of absorption spectra are commonly observed, namely such, where the aggregate absorption band is red-shifted with respect to the monomer absorption band and such exhibiting a shift to the blue side (hypsochromic shift) of the monomer spectrum. [2] [3] [4] The assemblies of the first kind have been named Jelly (J-) or Scheibe aggregates in honour of their discoverers, 5,6 the second kind were denoted H-aggregates, because of the characteristic hypsochromic band shift. Due to their peculiar spectroscopic properties dye aggregates have become commercially important as spectral sensitisers in imaging technology 7 and they have large potential for applications in the fields of opto-electronics, non-linear optics, 8 or bioanalytics. 9, 10 The prototypical and to this day most widely studied cyanine dye forming molecular aggregates by self-assembly in aqueous solution is pseudoisocyanine chloride (1,1'-diethyl-2,2'-cyanine chloride, PIC-Cl). Pinacyanol chloride (1,1'-diethyl-2,2'-carbocyanine chloride, PCYN-Cl, Chart 1) is a homologue to PIC and differs from that only in the length of the alkene bridge between the two quinoline moieties, which is longer by two methine units for PCYN. PCYN has been used as a redox indicator to monitor peroxide activation, 11 a saturable absorber, mode-locker, sensitiser in imaging technology, 12, 13 a diagnostic tool for the study of polysaccharides, [14] [15] [16] to determine physicochemical properties of micelles 17, 18 and vesicles, 19 as well as to probe fibrillization of β-amyloid peptide.
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Chart 1 Molecular Structure of Pinacyanol Chloride
Most of the applications of PCYN utilize the strong binding of the cationic dye to anionic colloids, which promotes aggregation. 21, 22 Aggregation causes a blue-shift of the absorption band due to the formation of dimers 23 and higher H-type aggregates. 22 In contrast to PIC-Cl, which shows very strong J-aggregation, the evolution of J-aggregates for PCYN was in fact supposed in a few studies, 18, 22, 24 but until now not conclusively demonstrated.
The self-aggregation behaviour of PCYN-Cl in ethanol-water solutions was recently investigated in detail by Khouri et al. 25 Monomers, different species of dimers, higher aggregates, as well as several vibronic bands were identified by linear absorption spectroscopy. The Kauffmann group studied the monomer-dimer equilibrium by twodimensional electronic spectroscopy, 26 as well as the high frequency vibrational modulations in the two-dimensional electronic spectra of monomers. 27 In all the mentioned investigations the chosen dye concentration was fairly low.
Despite broad exploitation of the aggregates' photophysical properties the physical structure of dye aggregates is often insufficiently characterized. This is in particular valid for the aggregates of PCYN and in part related to the suspected smallness of aggregates. An increase of the dye concentration should stimulate the growth of aggregates and could thus help promoting structure characterization. Following this concept we surveyed the PCYN literature and found only one study of Tiddy's group, 28 dealing with higher concentrated dispersions. The study was focused on the usability of prospective chromonic liquid 29 and has routinely been used in recent years for the characterization of the microstructure of several types of cyanine dye aggregates on the nanometre-to-micrometer scale. 
Experimental
PCYN-Cl was supplied by Sigma-Aldrich and was used as received. The molar extinction coefficient in ethanol was found to be ε = 1.75 × 10 5 dm 3 mol -1 cm -1 . In standard conditions the required amount of dye was directly dissolved by stirring in Milli-Q water (conductivity < 1 µS cm -1 ) for one day at room temperature. Heating was not necessary because of the high water solubility of the dye for concentrations up to at least 10 mM. In addition to this direct route of preparation also samples were prepared by diluting a 10 mM stock solution with
Milli-Q water (dilution route).
Isotropic absorption spectra were measured with a Cary 50 spectrophotometer (Varian). Linear dichroism (LD) spectra were measured with a J-810 spectropolarimeter (Jasco Corp.) by using a Dioptica microvolume Couette flow LD cell (Dioptica Scientific Limited, Rugby, Warwickshire, UK) with 0.5 mm optical path length. 31 In order to acquire a complete LD spectrum shear was applied for 1.5 min. The LD measurements were carried out at 25 °C, all other spectroscopic measurements at room temperature (21 ± 1 °C).
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The optical microscope images were obtained by using a colour video camera (Model TK-1070E, JVC) set on an optical microscope (Model BH-2, Olympus) equipped with Phase Contrast Attachment (Model BH2-PC). The samples were prepared by placing a droplet of the solution on a microscope slide and protected against drying by a cover glass.
The samples for cryo-TEM were prepared at room temperature by placing a droplet (5 µL) of the solution on a hydrophilized (60 s Plasma treatment at 8 W using a BALTEC MED 020 device) perforated carbon filmed Quantifoil (Jena, Germany) grid. The excess fluid was blotted off to create an ultrathin layer (typical thickness of 100 nm) of the solution spanning the holes of the carbon film. The grids were immediately vitrified in liquid ethane at its freezing point (-184 °C) using a standard plunging device. Ultrafast cooling is necessary for an artefact-free thermal fixation (vitrification) of the aqueous solution avoiding crystallization of the solvent or rearrangement of the assemblies. The vitrified samples were transferred under liquid nitrogen into a Philips CM12 transmission electron microscope using the Gatan cryo-holder and -stage (Model 626). Microscopy was carried out at -173 °C sample temperature using the microscopes low dose protocol at a primary magnification of 58300 ×.
Under standard conditions the defocus was chosen to be 1.3 µm, which corresponds to a first zero of the phase contrast transfer function (CTF) at 2.2 nm. Some micrographs were taken at a reduced defocus of 0.6 µm with a respective first zero of the CTF at 1.7 nm.
Results and Discussion
Spectroscopic Characterization
The dashed line in Fig. 1 represents the normalized absorption spectrum of a 1.0 × 10 -5 M PCYN-Cl solution in water, which is basically identical with the dye monomer spectrum in ethanol (see ESI † S1) where dye aggregation can be excluded. The main absorption band centred at 600 nm corresponds to the 0 → 0 transition, whereas the second maximum at 555 nm and the shoulder at ~ 515 nm can be assigned to vibrational sub-bands. This behaviour is typical for many different cyanine dyes. 32 A set of normalized absorption spectra is added to shows bands at around 600 nm, 544 nm, and 511 nm, whereat the longest wavelength band can be assigned to residual monomers and the both others to different sorts of aggregates, respectively. With decreasing dye concentration the shortest wavelength band decreases in intensity and shifts to the red, whereas the shoulder at around 544 nm becomes a clearly resolved peak. In addition, the monomer band at 600 nm grows. properties of these species were also measured and support the assignment. For many applications it is sufficient that a dye solution is stable over only a few days.
Because in the self-assembly of molecular systems (including dyes) a multitude of molecular interactions often compete for an equilibrium structure, long-time kinetics is normally observed. 33 For amphiphilic dyes, in particular, 34 it can arise from structural transformations between different types of aggregates or morphologies. Looking for similar structural changes we followed the absorbance of PCYN-Cl solutions during their storage at room temperature in 18 Also aqueous PCYN iodide solutions containing 200 mM NaCl showed similar bands. 24 Due to their general appearance on the long-wavelength side of the monomer spectrum they were ascribed to J-aggregates. 22 In a second experiment the absorbance of a 1.0 mM solution prepared by the dilution route (from a 10 mM stock solution) was followed over several months. Surprisingly, much stronger spectral changes became visible here as depicted in Fig. 3 . The 511 nm band weakened again, while the absorbance in the long-wavelength region markedly increased. In particular, the weak shoulders at 600 nm and 650 nm became clearly resolved maxima. The To explain the quantitative differences of absorption spectra displayed in Figs. 2 and 3 the sample history is important. Thus, it must be taken into account, that although the concentrations of both samples were identical (1 mM), the samples were prepared by different routes. The present investigations suggest that the aggregates formed upon increasing the dye concentration do not completely dissolve if the solution is again diluted to the start concentration, i.e. the dissociation of the aggregates seems kinetically inhibited. The aggregates surviving the dilution step within the time scale of experiment can act as nuclei, seeding the formation of new aggregates. Because we didn't include an additional heating step after dilution favouring de-aggregation of remaining aggregates, it seems rather likely that such mechanism became operative for the dilution preparation route. At the present stage of knowledge a more quantitative discussion, however, is not possible. Nevertheless, a porphyrin-based dye system where the H-aggregation is initiated upon the addition of aggregate seeds has recently been analysed through a biomimetic approach. 35 The aggregation process is quantitatively described as an "artificial infection" process in which the dye monomers assemble into nanoparticles, and are then converted into fibres in the presence of an aliquot of the nanofibre, which acts as a "pathogen". The authors suggested that their system is not a special case, but that similar systems can be established in other metastable supramolecular assemblies exhibiting autocatalytic processes.
Fig. 3
Aging behaviour of a 1.0 mM PCYN-Cl solution prepared by the dilution route (starting at 10 mM stock solution). Displayed are the absorption spectra measured within 1 day (solid), 1 month (short dash), and 7 months (long dash) after dilution. The dotted curve was obtained by subtraction of the spectrum measured after 1 day (and normalized to the same peak value at 511 nm) from that measured after 7 months of storage.
Polarized absorption spectroscopy is a highly sensitive method that can give valuable information about the packing orientation of monomers within molecular aggregates and the pathway of aggregation. 36 According to the morphological investigations (discussed below) the present J-aggregates are linear objects characterized by a large aspect ratio. Thus, a preferential alignment of the aggregates by the streaming field in a Couette flow cell parallel to the flow direction could be expected. Fig. 4a presents a set of absorption spectra (monitored by the HT-channel of the spectropolarimeter), taken under shear flow at different rotation speeds for a 6-weeks-old 1.0 mM PCYN-Cl sample. Figure 4b shows the corresponding LD spectra. The absorption spectra remain nearly unchanged under different shear rates and show the typical spectral features of a 1.0 mM dye solution measured at rest state (solid line in Fig.   3 ), i.e. showing a strong H-band centred at 511 nm and weak shoulders at around 544 and 600 nm, respectively. As expected, the LD signal is nearly zero at rest. Drastic changes, however, appeared for the linear dichroism as a function of rotation speed. Up to 2000 rpm (shear forces of ~ 1200 s -1 ) the LD spectra appeared very similar to the typical absorption spectrum.
The positive sign of the LD-band centred at ~ 500 nm indicates that it is polarized parallel to the long axis of aggregates, i.e. the constituent molecules can be considered to be oriented with their long axis mainly parallel to this direction. Upon further increase of rotation speed two new LD bands evolved at ~ 600 nm and 640 nm, the band at 500 nm became weaker, and a kink appeared at ~ 480 nm. These detected changes in the LD spectra again point to the formation of a novel type of aggregate, here obviously induced by application of shear stress. suspensions is a well-known phenomenon. 37 Such mechanism could have mediated the transformation of one type of aggregate into another one and is presumably also responsible for precipitation of part of the dye material. Shear stress can also induce phase transitions in
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complex fluids by lowering the energy barrier for nucleation and by accelerating the growth of a stable phase from a metastable one. 38 To learn more about the flow instability of aggregated dye solutions we repeated the shear experiment with a 1-day-old 0.7 mM solution, i.e. at slightly lower dye concentration.
Note that 0.7 mM solutions did not show any indication for a structural transformation, even after several months of storage. A summary of the spectroscopic results is depicted in Fig. 5 , whereas the complete set of spectra can be found in the supporting information (see ESI † S3).
Absorption spectra (left ordinate) measured at rest before applying shear (solid line) and after shearing (long dashes) are displayed in Fig. 5 . Added is the difference spectrum (short dashes) calculated after normalizing both curves to the same amplitude at 514 nm. The latter spectrum (Fig. 4a) , but in any case this finding underlines once again the sensitivity of spectroscopic behaviour to the sample history.
Morphology of Aggregates
Cryo-TEM can provide structure information of dye aggregates on the nanometre scale in the native aqueous environment. We started our investigations with a 0.35 mM sample showing absorption bands in the short-wavelength region at 518 nm and 544 nm (see Fig. 1 ). For this sample we did not find assembly structures. Expected oligomers were obviously too small to be identified via cryo-TEM supporting earlier investigations. 30 At a concentration of 0. (Fig. 7c) , where two neighboured tubes are in contact. The shearing of the samples associated to its blotting during specimen preparation 40 is most likely the reason for the alignment of tubes. Tiddy et al. 28 observed for the PCYN acetate with increasing concentration first a nematic (N phase) and thereafter a hexagonal liquid crystalline phase (M phase). From SAXS measurements it was inferred that the elongated aggregates forming the mesophases are tubes with a diameter of 4.6 nm. Thus, we obtain a quite similar result for the present chloride PCYN salt. The wall thickness determined from the density profiles is ~ 2.5 nm and points to a monolayer arrangement of dye molecules. 30 Due to experimental difficulties (possible interference effects; the averaging was done over a highly curved layer) the true wall thickness can be somewhat smaller, but a bilayer arrangement can surely be excluded. To explain the blue-shift of the absorption band (centred at 511 nm) adjacent molecules should be placed on top of each other, or with only a small relative shift (i.e., side-by-side orientation typical for H-aggregates). The parallel polarization of the absorption band indicates that the molecules are preferentially oriented with their long axis parallel to the tube axis. This packing structure would differ from the hollow brickwork chimney model proposed by Tiddy et al., 28, 41 where the molecules are assumed to be perpendicularly oriented. Complementary to electron microscopy we studied the solutions by optical microscopy. In fresh preparations of 1 mM PCYN-Cl solutions with a typical H-band at 511 nm no structures could be detected. We surmise that tubular H-aggregates cannot be resolved by optical microscopy. After about one week of storage thread-like fibres, however, became visible. After some weeks the absorbance (see Fig. 2 ) indicated the formation of J-aggregates and the number of assemblies strongly increased. The number of fibres was markedly higher for solutions prepared by the dilution route (Fig. 8 ) if compared with a directly prepared 1 mM sample. This observation supports our earlier conclusions of the sample historydependence (Figs. 2 and 3) . Also samples at 0.7 mM concentration showed fibres, but significantly smaller in number and not before several month of storage. All these fibres were thread-like, flexible, and many tens of micrometers long. Needle-like crystals 42 were not observed. The morphological characteristics and the distinct kinetic effects suggest that these fibres represent the evolving species of J-aggregates. Due to the limited resolution of light microscopy structural details could not be obtained. High resolution TEM data are presented in the following section. 
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In Fig. 10a a cryo-TEM image of a typical unbent fibril is shown. The width and the structural pattern change periodically along the fibril axis, which is a typical phenomenon observed with twisted layered ribbon structures. One repetition period of the fibril corresponding to a 180° rotation is presented in the image. Line scans taken perpendicular to the fibrils' long axis in the crossover position (0°) and halfway between two adjacent crossover points, i.e. at 90°, are presented in Figs. 10b and 10c , respectively. Based on these observed profiles we propose the structure model displayed in Fig. 10d . The model suggests the fibril to consist of a pair of ribbons with dumbbell-shaped density cross-sections, a twofold rotational symmetry and a regular twist around the fibril long axis. To check the proposed model we compared the image data with the corresponding simulated projection image of the model (Fig. 11) . As a matter of fact the complex angle-dependent pattern is well reproduced by the simulation. however, that even the molecular packing structure of the cylindrical J-aggregates of the homologue PIC-Cl, 43 is still a topic of discussions despite numerous experimental and theoretical studies over seven decades of research.
Fig. 11
Cryo-TEM image of a segment (0° − 90°) of a twisted fibrillar J-aggregate (above) and simulated projection image (below). For the simulation a fibril cross-sectional structure was assumed according to Fig. 10d , which consists of a stacked pair of ribbons with dumbbell-shaped density profile that are twisted around the fibril axis (middle). Assuming two-fold rotational symmetry, superposition of the individual cross-sections yields the projection image as shown below.
The aging of dye solutions for several months is accompanied by notable morphological changes. Tubular H-aggregates and fibrillar J-aggregates can no longer be detected and are replaced by broad tape-like aggregates. A representative cryo-TEM micrograph of a two months old sample is shown in Fig. 12 (for an additional example see ESI † S6). The typical width of the tapes ranges between 100 and 200 nm (panel a). A linescan across the tape in edge-on orientation yields a thickness of 9.0 ± 1.0 nm and a density profile (Fig. 12c) that is nearly identical with that of a single fibril in the 0° orientation (i.e.
parallel to the stacking direction; Fig. 10b ). Horizontally embedded tapes often show a pattern of striations oriented parallel to the long axis of the tapes. The Fourier transform yields a value of ~ 2.7 nm (Fig. 12b) for the line spacing, which agrees well with the stacking distance of the dumbbell-shaped ribbons in the fibrils (Figs. 10c,d ). The excellent consistence of the respective density profiles (Figs. 10b and 12c) as well as the agreement of the ribbon's stacking distance and the line spacing of tapes suggest that the tapes have been formed by the lateral stacking of individual fibrils as sketched Fig. 12d . While the lateral growth of ribbons accompanied by the stacking into multilayers is often observed in self-aggregating dye systems, 30 the hierarchical organization of PCYN-Cl tapes is different. Here a solely lateral two-dimensional face-to-face assembly process is found. 
Conclusions
Detailed spectroscopic and morphological investigations have been performed to characterize the process of aggregation of PCYN-Cl in aqueous solutions in a concentration range from 50 µM up to 1 mM. H-type dimers and oligomers probably exist at a concentration of ~ 0.35 mM, but they were expectedly too small to be visualized by cryo-TEM. Above 0.7 mM, however, several hundreds of nanometre long tubular H-aggregates became visible. 
